Abstract. Short hairpin rna (shrna) targeting signal transducer and activator of transcription 3 (Stat3) potentiate the radiosensitivity of human laryngeal squamous carcinoma cells in vitro. in the present study, we investigated the inhibitory effect of Stat3 shrna plus radiotherapy on nude mouse laryngeal squamous cell carcinoma xenografts. the xenotransplanted tumors were treated with Stat3 shrna, with or without radiation, following a planned scheme. the inhibition rate for tumor growth was calculated and the tumor growth curve was plotted. in addition, the expression of p-Stat3, B cell lymphoma 2 (Bcl-2), p53, vascular endothelial growth factor (VEGF) protein and intratumoral microvessel density (mVd) was determined by immunohistochemistry. Flow cytometry was used to detect the rate of cell apoptosis. the results revealed that Stat3 shrna transfection plus radiotherapy significantly minimized tumor volume and increased the rate of tumor inhibition. p-Stat3 protein expression and intratumoral mVd were observed to be down-regulated, whereas apoptosis was increased. there was a positive correlation between the expression of p-Stat3 and Bcl-2, and also between the expression of p53 and VEGF, and MVD. These findings indicate that STAT3 shRNA potentiate the radiosensitivity of laryngeal carcinoma xenografts in vivo by regulating downstream signaling proteins in the Stat3 pathway.
Introduction
radiotherapy is a crucial treatment method in the management of human laryngeal carcinoma. unfortunately, in some cases, little tumor-controlling efficacy is achieved by radiation alone (1, 2) , due to the inherent radioresistance of this tumor. the development of new strategies to improve the sensitivity to radiotherapy of cancer is absolutely necessary. For this purpose, in recent years, potential targets for therapeutic intervention of therapy-resistant cancers have been extensively studied. among the various related factors investigated, signal transducer and activator of transcription 3 (Stat3) is an important potential therapeutic target.
physiologically, Stat3 has diverse biological functions, including the modulation of cell growth and cell differentiation, and the regulation of apoptosis (3) (4) (5) . moreover, Stat3 has been shown to be constitutively activated in various types of human cancer and to be necessary for tumor cell growth (6) . in human cancer, Stat3 participates in oncogenesis through the modulation of p53 expression (7) , the regulation of cell cycle control genes, including c-myc (8) (9) (10) and cyclind1/d2 (11) , the up-regulation of genes encoding apoptosis inhibitors, such as B cell lymphoma 2 (Bcl-2), Bcl-xl, survivin and mcl-1 (5, (12) (13) (14) (15) , and the induction of angiogenesis by vascular endothelial growth factor (VEGF) (13, 16) . radiosensitivity is affected by changes in the cell cycle, programmed cell death, dna injury repair, and other mechanisms regulated by oncogenes after radiation. in view of the fact that many factors related to the tumor cell cycle, apoptosis and dna injury repair are downstream of the Stat3 pathway, we hypothesized that STAT3 may be involved in cancer radioresistance.
in our previous study (17) , we successfully demonstrated that the apoptosis of hep-2 cells is significantly increased by blocking the Stat3 pathway with short hairpin rna (shrna) combined with radiation in vitro, indicating the potential radiosensitization effects of STAT3 shRNA-based rna interference (rnai). this is a new technique that inhibits mRNA expression by inducing the sequence-specific destruction of homologous mrna in cells with small interference RNA (siRNA). Here, to confirm our previous findings, a xenograft model of human laryngeal squamous cell carcinoma was established in nude mice, and a constructed recombinant plasmid vector carrying human Stat3 shrna was transfected into the tumor-bearing mice followed by radiation, with the aim of examining its efficacy in the inhibition of tumor growth. the results demonstrate that shrna targeting Stat3 potentiate the radiosensitivity of human laryngeal carcinoma xenografts in vivo.
Materials and methods
Reagents. rpmi-1640 media, opti-mEmi and lipofectamine 2000 were purchased from invitrogen corp. (carlsbad, ca, uSa). plasmid pGpu6/GFp/neo and sirna oligonucleotides were provided by Gene pharma corporation (Shanghai, china). the target region of Stat3 sirna was selected and recombinant plasmids were constructed according to our previous study (17) . The Wizard ® Plus Megapreps DNA Purification System was purchased from promega (uSa). the amV First Strand cdna Synthesis kit and primers were products of Sangon Biological Engineering technology and Services corp. (Shanghai, china). Stat3, p-Stat3 and Bcl-2 mouse monoclonal antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit anti-human p53 polyclonal antibody was obtained from Seitz Biological Technology Co., ltd. (Beijing, china) and rabbit anti-human VEGF polyclonal antibody was from Boster Biological technology, ltd. (Wuhan, china). cd34 mouse monoclonal antibody, the Sp kit and daB developer were from zhongshan Goldenbridge Bio-technology co., ltd. (Beijing, china). propidium iodide was purchased from Sigma (uSa).
Tumor transfection and treatment. male BalB/c nude mice, aged 4-5 weeks and weighing 12-18 g, were obtained from the medical department of peking university laboratory animal Center (Beijing, China) and housed under specific pathogenfree conditions at the Bethune international peace hospital (Shijiazhuang, China) in accordance with the National regulations on animal Experiments and animal Welfare. to generate the tumor xenografts, 2x10 6 viable hep-2 cells were subcutaneously injected into the right-side back of the mice. When tumors reached a volume of ~150 mm 3 (on day 14), 28 tumor-bearing mice were randomly divided into four groups: the negative control group (pshneg), tumors injected with negative plasmid; the STAT3 siRNA group (pshSTAT3), tumors treated with Stat3 shrna recombinant plasmid alone, without irradiation; the irradiation group (IR), tumors exposed to radiation alone, with 5 Gy of γ-rays per irradiation; the combination group (pshStat3 plus ir), tumors treated with Stat3 shrna recombinant plasmid combined with irradiation as above.
to perform the in vivo gene transfection, the mice in the pshneg, pshStat3, and pshStat3 plus ir groups were intratumorally injected with a 200 µl mixture of plasmid (20 µg/20 µl plasmid + 50 µl lipofectamine + 130 µl serum-free rpmi-1640 culture medium). the mice in the ir group were injected with the same amount of control mixture (50 µl lipofectamine + 150 µl serum-free rpmi-1640 culture medium). intratumoral injection was performed on days 0, 3, 6, 9, 12, 15, 18 and 21, with day 0 representing the first day of injection. To test the transfection efficiency, fresh tumor cells were obtained at 48 h post-transfection from a separate group of animals in a parallel single transfection experiment, and the transfection efficiency was measured by flow cytometry (FCM). On days 2, 5, 8 and 11 of the planned treatment scheme, radiotherapy was performed with γ-rays on the tumors only using a 60 co unit, with the animals immobilized and biologically isolated from ambient air using a special device. the remaining parts of the animals were protected by a 1-cm thick stereotype. projectile's ueno area was 4x4 cm, with a source tumor distance of 100 cm and an absorbed dose rate of 78.79 cGy/min. tumor volumes were estimated four times weekly according to the formula v = a 2 b/2, where a and b are the shortest and longest diameter, respectively (18) . upon termination of the experiment, the mice were sacrificed by cervical dislocation, and the tumors were excised for weighing, immunohistochemistry and Fcm. tumor growth inhibition rates were calculated using the formula (1 -average tumor weight of experimental group/average tumor weight of control group) x 100%.
Semi-quantitative RT-PCR analysis. the cell suspension was prepared from fresh tumor tissues. total rna was extracted from 1x10 6 fresh tumor cells using TRIzol reagent according to the manufacturer's instructions. rt-pcr was performed using the two-step method. cDNA was synthesized according to the protocol of the amV First Strand cdna Synthesis kit. STAT3 gene primers were: forward, 5'-gtcagatgccaaatgc-3'; reverse, 5'-cctggaggcttagtgc-3' . β-actin primers were: forward, 5'-GCATGGGTGCCCCGACGTTG-3'; reverse, 5'-GCTCCG GccaGaGGcctcaa-3' . the pcr reaction was performed using a pcr instrument (unoii, Biometra, Germany). the reaction conditions were: 95˚C for 5 min, followed by 30 cycles at 95˚C for 30 sec, 55˚C for 45 sec, 72˚C for 60 sec, and a final elongation at 72˚C for 10 min. PCR products were separated on a 2% agarose gel, and visualized by ethidium bromide staining.
Gene expression analysis and intratumoral microvessel density (MVD).
Tumor tissues were fixed in 4% paraformaldehyde and embedded in paraffin, then 4-mm sections were cut and prepared. immunohistochemical stainning was performed according to the standard protocol of the Sp kit. in brief, after dewaxing and rehydration, the sections were subjected to heatinduced antigen retrieval in a high pressure cooker, quenched in reagent a (3% h 2 o 2 methanol) for 10 min to remove endogenous peroxidase activity, washed in pBS, and then incubated with normal goat serum for 30 min to block non-specific binding sites. Subsequently, the sections were incubated with primary antibodies (Stat3, p-Stat3, Bcl-2, p53, VEGF and CD34) overnight at 4˚C. After the primary antibody was removed, the slides were washed with pBS and incubated with reagent c (biotin-conjugated goat-anti-mouse igG) for 30 min. Sections were rinsed with pBS and developed with reagent d (horseradish-peroxidase-labeled pronase avidin) for 15 min, then counterstained for 3-5 min with hematoxylin and coloured by 3,3'-diaminobenzidine (DAB). Sections from human laryngeal carcinoma known to have abundant Stat3, p-Stat3 and related protein (Bcl-2, p53 and VEGF) expression served as the positive control. For the negative controls, pBS was used rather than the primary antibodies. protein staining was quantified using computer-assisted image analysis with image pro plus software (media cybernetics) (19) . mVd was assessed by the hot spot method (20) .
Analysis of apoptosis by flow cytometry. Single cell suspensions were prepared from fresh tumor tissues. cell viability was assessed by typan blue exclusion, and the samples were fixed in 70% ethanol at 4˚C for 24 h. Cells were resuspended in pBS and stained with propidium iodide (50 mg/l) according to the manufacturer's instructions, then analyzed by FCM (Epics-XLII; Beckman Coulter, USA). For DNA staining, a total of 10,000 cells were counted and analyzed by Muticycle AV software. The stained cells were analyzed by FCM. Forward light scatter characteristics were used to exclude cell debris from the analysis. apoptotic cells were determined by their hypochromic subdiploid staining profiles.
Statistical analysis. data were expressed as the mean ± standard deviation (Sd). Statistical analyses were performed using SpSS15.0 software. one-way anoVa was used to determine statistical differences between the experimental groups. after normalization, two-sided variance were analyzed by Pearson's correlation coefficient. P<0.05 was considered statistically significant.
Results
Effects of STAT3 shRNA on mRNA expression in vivo. as shown in Fig. 1 , the expression of STAT3 mRNA was significantly down-regulated 48 h after transfection in tumor cells 3 for the pshneg, pshStat3, ir, and pshStat3 plus ir groups, respectively (Fig. 2a) . differences between the groups were statistically significant (F=174.07, P=0.000). The outcomes of various treatments on tumor volume and appearance are shown in Fig. 2B . There was a significant difference in tumor weight among the different groups (F=23.10, p=0.000), with the pshStat3 plus ir group having the lightest tumor weight (Fig. 2c) . the strongest tumor growth inhibitory effect was observed in the pshStat3 plus ir group, which had a tumor inhibition rate of 67.7% (Fig. 2d) .
Protein expression of STAT3, p-STAT3, p53, VEGF and Bcl-2.
immunostaining for Stat3 and VEGF was mainly detectable in the cytoplasmic membrane and cytoplasm. positive expression of p-Stat3, p53 and Bcl-2 proteins was mainly found in the nuclei of the tumor cells. Strong staining for Stat3, p53, Bcl-2 and VEGF was observed in the negative control group. most tumor cells had weak or undetectable staining for the above proteins in the pshStat3 plus ir group (Fig.  3A-D VEGF protein expression was significantly reduced in the pshSat3 plus ir group (p=0.000, 0.000 and 0.018) (Fig. 3E) .
CD34 expression and MVD counting. Expression of cd34
in the pshStat3 plus ir group was weak or even negative, whereas it was strong in the negative control group. the newborn vascular endothelial cells were stained brown or yellow. irregular lumens and immature vessels were often present ( Fig. 4a-d) . results from mVd counting revealed that the MVD values varied widely and showed significant difference among the four groups (F=19.196, P<0.05). MVD values were 31.43±4.76 and 11.67±3.41 in the negative control group and the pshStat3 plus ir group, respectively (Fig. 4E) .
Apoptosis assay. the results of Fcm revealed statistical differences among the different treatment groups in the apoptotic rate (F=122.40, P<0.05). As shown in Fig. 5 , apoptotic rates were 37.04±1.59, 24.87±3.26, 29.49±2.69 and 6.89±0.67% in the pshStat3 plus ir, ir, pshStat3 and negative control groups, respectively, with the highest rate in the pshStat3 plus ir group and the lowest rate in the negative control group.
Correlation analysis. Statistically significant correlations between different factors are summarized in Table I 
Discussion
Stats are a family of proteins that act as signal messengers and transcription factors and participate in normal cellular responses to cytokines and growth factors. Stat3 is an important member of the Stat family, and is often associated with a wide variety of human malignancies, including head and neck cancer (21) . Stat3 may mediate resistance to ionizing radiation or chemotherapeutic agents in certain malignant tumors, as evidenced by previous studies (22) (23) (24) . For example, one study indicated that when the Stat3 gene is knocked out, B-1 cells become more susceptible to irradiation (25) . it has also been reported that Stat3 inhibition with a Stat3 antisense oligonucleotide enhances radiation-induced apoptosis in prostate cancer cells (26) . Furthermore, our previous study demonstrated that blocking Stat3 expression by sirna potentiates radiation-induced cell death in hep-2 human laryngeal carcinoma cells (17) . however, it is unclear whether the inhibition of Stat3 expression by means of rnai promotes radiosensitivity in human laryngeal carcinoma in vivo. Essentially, RNAi specifically degrades target mRNA without affecting the stability of non-homologous mrna. With the properties of high stability and a reliable inhibitory efficacy on the targeted mRNA, it is easier for cells to uptake sirna than antisense oligonucleotides (27) . in the present study, we successfully transfected a plasmid carrying Stat3 shrna into xenograft human laryngeal squamous carcinoma cells using liposome as a delivery carrier. the effects of Stat3 shrna following a planned experimental scheme on radiosensitization were investigated in the xenograft tumors. upon termination of the experiment, tumor volume and weight in the pshStat3 plus radiation group were found to be dramatically reduced compared to the other groups. this indicates that a specific tumor inhibitory effect is achieved by pshStat3 plus radiation, superior to that achieved by radiotherapy or rnai alone.
To explore the mechanism of radiosensitization by STAT3 shrna in laryngeal carcinoma xenografts, the expression of Stat3 and its downstream regulating proteins as well as the associated cell apoptosis rates were evaluated. the results of protein expression from immunohistochemistry achieved by computerized image analysis demonstrated that the level of p-Stat3 decreased notably in animals treated by pshStat3 plus radiation, with simultaneous down-regulation of Bcl-2, p53 and VEGF protein expression. tumor angiogenesis was also significantly suppressed, as evidenced by the MVD count. Furthermore, the results of Fcm demonstrated that the apoptosis rate of tumor cells in the pshStat3 plus radiation group was the highest among the different groups. these changes may be attributed to the regulation of downstream signaling proteins and tumor cell apoptosis by p-Stat3, an activated form of Stat3. it is known that numerous important signaling proteins are present downstream of the Stat3 pathway. these include cell cycle regulators (c-myc and cyclind1/d2), anti-apoptotic proteins (mcl-1 and Bcl-2) and tumor suppressor factors (p53 and VEGF). these are regulated to promote cell proliferation, inhibit cell apoptosis and potentiate tumor angiogenesis, and participate in the oncogenesis and development of tumors (4, 28, 29) . in the present study, the protein expression of p-Stat3, Bcl-2, p53 and VEGF was investigated. correlation analysis of protein expression in the different groups demonstrated that the down-regulation of Bcl-2, p53 and VEGF by p-Stat3 is responsible for an increase in apoptosis and suppression of angiogenesis, resulting in radiosensitization effects in laryngeal carcinoma xenografts. in conclusion, Stat3 shrna potentiate the radiosensitivity of laryngeal carcinoma xenografts in vivo by regulating downstream signaling proteins in the Stat3 pathway, which exerts potent effects on the induction of apoptosis and inhibition of angiogenesis. 
